INTRODUCTION
============

Capsule endoscopy (CE) was introduced in 2000 and has revolutionized direct small bowel imaging \[[@b1-ce-2018-095]\]. CE is now widely used in clinical practice, and more than 2,000,000 capsules have been swallowed worldwide \[[@b2-ce-2018-095]\]. By separating the imaging device from the monitor screen, optical cabling used in conventional endoscopy is no longer necessary in CE. Remote visualization of bowel images in CE enabled painless, non-invasive, well-tolerated endoscopic examination, with no need for sedation \[[@b3-ce-2018-095]\].

As direct endoscopic observation is superior to barium studies, esophagogastroduodenoscopy and colonoscopy have almost replaced upper gastrointestinal series and barium enemas. Likewise, CE of the small bowel has made the small bowel series almost unnecessary. Small bowel CE has high diagnostic yield and the ability to examine the entire small bowel. The diagnostic yield of CE relies on lesion detection and interpretation. Lesion detection is affected by the quality of imaging and the number of images taken per second \[[@b4-ce-2018-095],[@b5-ce-2018-095]\]. Lesion interpretation takes considerable time and requires focused attention. There have been attempts to use computational software programs to reduce CE reading time and automatically detect abnormalities. Here, we briefly describe current status and perspectives on the interpretation of small bowel CE.

LESION DETECTION IN SMALL BOWEL CAPSULE ENDOSCOPY
=================================================

Since the introduction of CE in clinical practice, there have been many technical developments. The picture quality of CE imaging has been improved by the introduction of newer devices with improved optical properties. The earliest M2A^®^ capsule (Given Imaging Ltd., Yoqneam, Israel) had only a single element lens that exhibited peripheral image distortion. Newer PillCam^®^ SB2 and SB3 capsules (Medtronic, Dublin, Ireland) have multi-element lenses, with distortion-free fields of view of 156°. In the older capsules, light intensity was not modulated according to the distance from the mucosa, which resulted in glare or dim lighting of images according to the distance of the capsule from the mucosa. Newer devices with adaptive illumination have control of automated illumination adjustment, which provide uniform lighting irrespective of the distance from the mucosa \[[@b6-ce-2018-095]\].

Capsules move in the gastrointestinal tract with peristalsis, which is unpredictable. Unpredictable rapid peristalsis can result in misses or incomplete evaluation of the small bowel \[[@b7-ce-2018-095]\]. The risk of missing lesions is high for lesions that are located in the duodenum or proximal jejunum, where the capsule moves more rapidly than in other parts of the small bowel \[[@b8-ce-2018-095]\]. The PillCam^®^ SB2 system could capture 2 frames per second. The newer generation PillCam^®^ SB3 system has an adaptive frame rate of 2--6 frames per second. More pictures are taken when the capsule is moving more rapidly, and fewer pictures are taken when the device is moving slowly, which leads to a reduction of duplicated images \[[@b9-ce-2018-095]\]. CE with an imager at each end of the capsule detects more lesions \[[@b10-ce-2018-095]\], but increasing the number of images leads to an increase in reading time.

INTERPRETATION OF SMALL BOWEL CAPSULE ENDOSCOPY
===============================================

Unlike conventional endoscopy, the CE procedure itself does not require special skills \[[@b11-ce-2018-095]\]. Patients are required to just swallow a capsule. Thus, accurate diagnosis with CE depends on the reviewer's ability to read and interpret the images. The problem is that it takes more than an hour to read the 50,000--100,000 images captured. In this passive form of endoscopy, reading 50,000--100,000 images of the same organ is monotonous and difficult. During CE reading, no additional stimulus is provided to manipulate the instrument, and generally no communication occurs with the patient or staff. Concentration and alertness are required for this time-consuming process of CE image reading. The key point is the reviewer's ability to observe without being distracted \[[@b3-ce-2018-095]\]. Reports of missed lesions \[[@b12-ce-2018-095],[@b13-ce-2018-095]\] and significant interpersonal variability \[[@b14-ce-2018-095],[@b15-ce-2018-095]\] may be in part due to interpretation failure and reflect the difficulty in sustaining concentration.

The video can be run in a single, double, or quadruple view. The double or quadruple view has been recommended to improve reading efficiency and the lesion detection rate by interpreters \[[@b16-ce-2018-095]\]. With an increase in the video speed, the risk of missing significant lesions may increase \[[@b3-ce-2018-095]\]. A previous study suggested that CE recordings should be read at a maximum speed of 15 frames per second for an acceptable detection rate \[[@b16-ce-2018-095]\].

In a study, CE trainees with more than 20 interpretations got higher scores. Thus, it has been suggested that trainees need to perform at least 20 supervised capsule interpretations before they are certified \[[@b17-ce-2018-095]\]. However, other studies have shown no difference in the detection rate among readers with different experience \[[@b18-ce-2018-095]\].

As significant time is required for CE interpretation, taking help of non-physicians for interpretation might be an option. There have been studies comparing CE interpretation between experts, non-experts, and nurses. For non-expert CE readers, some level of prior conventional endoscopy experience was necessary, but high-level experience did not add benefit \[[@b17-ce-2018-095],[@b19-ce-2018-095]\]. Nurses showed no differences in recognizing significant lesions compared with physicians \[[@b20-ce-2018-095],[@b21-ce-2018-095]\]. Taking help of non-physicians for CE interpretation might improve efficiency and reduce the cost of interpretation \[[@b21-ce-2018-095]\]. Qualified nurses and technicians can be accepted as prereaders of CE, as the responsibility of making a diagnosis remains with the physician.

The primary goal of small bowel CE is to visualize the small bowel. However, careful observation of gastric and colonic images to find missed lesions is required in patients with obscure gastrointestinal bleeding. CE may detect 25% of upper gastrointestinal lesions in the stomach or esophagus that were not detected on conventional endoscopy previously \[[@b22-ce-2018-095],[@b23-ce-2018-095]\].

READING SOFTWARE
================

Another approach to reduce CE reading time is using special software programs to select images for subsequent CE reading. The first software designed for this goal was the suspected blood indicator (SBI, Medtronic), an automatic system that could pick up frames with red pixels ([Fig. 1](#f1-ce-2018-095){ref-type="fig"}). The SBI system was developed to detect red lesions responsible for anemia or bleeding. However, even in patients with active bowel bleeding, the sensitivity of SBI was less than 60% \[[@b24-ce-2018-095]\]. The accuracy of the SBI system proved suboptimal and can be used only as a supportive tool \[[@b25-ce-2018-095]\].

The QuickView mode is an automated fast reading tool available on Rapid software (Medtronic), which scans all images and scores them according to the level of significance. The number of "frames of interest" images can be set as a percentage (e.g., 10%, 20%, 80%) of the full images. Then, Quick-View displays selected images according to the percentage level set by the user \[[@b26-ce-2018-095]\]. The QuickView significantly reduced CE reading time but was associated with considerable diagnostic miss rates \[[@b27-ce-2018-095]\]. The QuickView may be used to diagnose Crohn's disease of the small bowel despite a significant number of missed lesions. However, viewing the terminal ileum in standard view was recommended to avoid false negative cases \[[@b28-ce-2018-095]\]. The QuickView can also be helpful in overt obscure gastrointestinal bleeding in an urgent inpatient setting \[[@b5-ce-2018-095]\].

Automated detection of lesions has recently undergone intense study. Various computational systems have been proposed to improve the diagnostic ability of CE. Such systems can analyze CE images using algorithms that quantify image features discriminating between normal and abnormal. These systems consider image features such as color, texture, or shape. Image classification is generally based on machine learning algorithms. These algorithms are trainable with annotated images, including information on the location and pathology \[[@b29-ce-2018-095]\]. A recent study showed that a deep learning system had high sensitivity and specificity for identifying diabetic retinopathy \[[@b30-ce-2018-095]\]. Deep neural networks also showed dermatologist-level classification of skin cancer \[[@b31-ce-2018-095]\]. However, integrating machine learning algorithms into CE interpretation is not easy because a considerable number of image annotations are required to develop image recognition software \[[@b29-ce-2018-095],[@b32-ce-2018-095]\]. Various studies have been reported on automated detection of abnormal findings in CE. Most studies investigated computer-based methods for the detection of blood, ulcers, and polyps \[[@b33-ce-2018-095]-[@b35-ce-2018-095]\]. Some studies considered petechiae, hookworms, uninformative dark parts, or intestinal contents such as bubbles \[[@b36-ce-2018-095]-[@b38-ce-2018-095]\]. Most studies focused on one or only a few abnormalities, and this is different from actual clinical situations in which discrimination among at least 10 abnormal findings is necessary \[[@b5-ce-2018-095]\]. The diversity of lesions makes automatic lesion detection more challenging. One approach based on color saliency detected various abnormalities (polyp, ulcer, hemorrhage, angioectasia, chylous cyst, lymphangiectasia, stenosis, etc.) without excluding intestinal content from the evaluation, and the average accuracy was 94.0% \[[@b32-ce-2018-095]\]. Although technological breakthrough of automated reading software is being sought, conventional reading is still required and should not be replaced by reading software \[[@b39-ce-2018-095]\].

EXTERNAL REAL-TIME IMAGE VIEWER
===============================

A recently introduced data recorder DR3^®^ (Medtronic) is equipped with a screen that shows real-time images during ongoing examination ([Fig. 2](#f2-ce-2018-095){ref-type="fig"}). A real-time image viewer may shorten the duration of CE since the procedure may be terminated after the cecum is seen \[[@b7-ce-2018-095]\]. In a case-control study, patients using a real-time image viewer coupled with prespecified actions showed higher completion rates and diagnostic yield \[[@b40-ce-2018-095]\]. In patients with risk of delayed gastric emptying, the real-time image viewer may guide appropriate interventions to complete the examination \[[@b39-ce-2018-095]\].

Evaluation of real-time CE imaging could change the management of gastrointestinal bleeding ([Fig. 3](#f3-ce-2018-095){ref-type="fig"}). In a report, bedside real-time CE reading in an emergency department detected bleeding sites in one-third of the patients, saving time before therapeutic interventions \[[@b41-ce-2018-095]\].

LOCALIZATION OF CAPSULE AND LESION
==================================

Capsules do not provide information regarding localization while passing through the gastrointestinal tract \[[@b42-ce-2018-095]\]. The position and orientation of the capsule can be described with regard to anatomical landmarks (diagnostic localization) or by a coordinate position in space (global localization) \[[@b43-ce-2018-095]\]. A study used radiofrequency triangulation around the abdominal wall and provided three-dimensional localization, which showed an average spatial error of 13.26 cm3 compared with plain radiography \[[@b44-ce-2018-095]\]. However, because the gastrointestinal tract has a deformable nature, we cannot depend only on global localization to locate target areas \[[@b45-ce-2018-095]\]. Localization of the capsule within the body is important for determining the enteroscopy route (oral or anal) or the planning of therapeutic interventions \[[@b46-ce-2018-095]\]. The capsule does not move at a uniform speed through the gastrointestinal tract. Within current systems, approximate localization is based on transit time. Once the pylorus and cecum are identified, the location of lesions within the small bowel is an estimate based on the time from these two points \[[@b42-ce-2018-095]\]. Small bowel transit time (SBTT) is calculated by subtracting the time of the first duodenal image from the first cecal image \[[@b9-ce-2018-095]\]. If there is an abnormal finding during CE, the percent of SBTT can guide the subsequent enteroscopy route for intervention. If the lesion is within the first 2/3 of the SBTT, an antegrade approach for enteroscopy is needed. If the lesion is beyond the first 2/3 of the SBTT, a retrograde approach is used \[[@b9-ce-2018-095]\]. The recently developed OdoCapsule provides real-time distance from duodenal entry to exit from the ileum via mounted passive wheels on its side that operate as an odometer. OdoCapsule has 3 extendable legs with rotating wheels, and stabilizes capsule transit by reducing side-to-side and tumbling movements. Ex vivo animal studies show that this model may act as an odometer, measuring distance by wheel rotation. The stability in capsule transit may aid in the development of computer image recognition systems \[[@b47-ce-2018-095]\].

CONCLUSIONS
===========

Since introduction into clinical practice, CE has proven its high diagnostic ability in various gastrointestinal diseases. The achievements of CE have exceeded what was previously expected. Novel CE technologies are being developed to improve diagnostic yield. Initially designed with the aim of evaluating the small bowel, CE is now expanding its fields of application to the entire gastrointestinal tract including esophagus, stomach, and colon. It may replace diagnostic conventional endoscopy of the entire gastrointestinal tract and perform therapeutic interventions in the future.

As of now, automated fast reading software cannot replace conventional reading. However, image recognition software is actively being investigated, and is expected to speed up the CE interpretation process. Given that artificial intelligence (AI)-based image diagnosis is being actively investigated in various clinical fields, AI may provide a much-improved automated interpretation of CE in the near future.
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